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The E3 ubiquitin ligase COP1 (CONSTITUTIVE PHOTOMORPHOGENIC1) plays a key role in the repression
of the plant photomorphogenic development in darkness. In the presence of light, COP1 is inactivated by a
mechanismwhich is not completely understood. This leads to accumulation of COP1’s target transcription
factors, which initiates photomorphogenesis, resulting in dramatic changes of the seedling’s physiology.
Hereweuse amathematicalmodel to explore the possiblemechanismof COP1modulation upondark/
light transition in Arabidopsis thaliana based upon data for two COP1 target proteins: HY5 and HFR1,
which play critical roles in photomorphogenesis. The main reactions in our model are the inactivation of
COP1 by a proposed photoreceptor-related inhibitor I and interactions between COP1 and a CUL4
(CULLIN4)-based ligase. For building and veriﬁcation of the model, we used the available published and
our new data on the kinetics of HY5 and HFR1 together with the data on COP1 abundance. HY5 has been
shown to accumulate at a slower rate than HFR1. To describe the observed differences in the timecourses
of the ‘‘slow’’ target HY5 and the ‘‘fast’’ target HFR1, we hypothesize a switch between the activities of
COP1 and CUL4 ligases upon dark/light transition, with COP1 being activemostly in darkness and CUL4 in
light. Themodel predicts a bi-phasic kinetics of COP1 activity upon the exposure of plants to light, with its
restoration after the initial decline and the following slow depletion of the total COP1 content. CUL4
activity is predicted to increase in the presence of light. We propose that the ubiquitin ligase switch is
important for the complex regulation of multiple transcription factors during plants development. In
addition, this provides a new mechanism for sensing the duration of light period, which is important for
seasonal changes in plant development.
& 2010 Elsevier Ltd. All rights reserved.1. Introduction
Plants undergo massive changes in the transcriptional proﬁles
of 20% of their entire genome upon ﬁrst exposure to light, when
their developmental program switches from skotomorphogenesis
in darkness to photomorphogenesis in light (Jiao et al., 2005). This
causes drastic changes in plant physiology, which includes short-
ening of hypocotyl (embryonic stem), concomitant opening and
expansion of cotyledon (embryonic leaves) and differentiation of
chloroplasts (Jiao et al., 2007; Khanna et al., 2006). These changes
are driven by the massive accumulation of light-responsive tran-
scription factors, such as HY5, HFR1 and others, whichwere shown
to be the key positive regulators of photomorphogenesis (Jiao et al.,
2007; Osterlund et al., 2000; Zhang et al., 2008). The detailed
mechanisms of the regulation of these transcription factors by light
are largely unknown.ll rights reserved.
: +44 131 651 9068.
khilko).COP1 is a ubiquitin E3 ligase,whichwas shown to play a key role
in the negative regulation of photomorphogenesis in darkness (Jiao
et al., 2005;Ma et al., 2002; Yi andDeng, 2005). COP1 is abundant in
darkness and involved in degradation of light-inducible transcrip-
tion factors, such as HY5, HFR1, LAF1, BIT1 and others (Duek et al.,
2004; Hong et al., 2008; Osterlund et al., 2000; Saijo et al., 2003;
Seo et al., 2003). The mechanism of the regulation of COP1 activity
and abundance during dark/light transition is largely unknown
(Yi andDeng, 2005). Itwas shown that the total COP1 content in the
nucleus of plant cells decreases after the transition to light, but this
depletion is very slow, and takes about 24 h (von Arnim et al.,
1997). To explain the observed fast accumulation of some COP1
targets, such as HFR1 or LAF1, by 2 h of illumination (Duek et al.,
2004; Jang et al., 2007), the quick inactivation of COP1 by light was
proposed (Yi and Deng, 2005). It has been suggested that the large
multi-protein COP1 complex changes its conformation after light-
induced modiﬁcations of COP1-bound components, such as the
photoreceptor CRY1,which is phosphorylated after the exposure of
plants to light (Li and Yang, 2007; Wang et al., 2001; Yang et al.,
2001; Yi and Deng, 2005). The fast change in COP1 conformation
A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–4132after the dark-to-light transition could cause the observed light-
induced re-distribution of the components of the CSN (COP9
signalosome) and CDD (COP10–DDB1–DET1) complexes, which
interactwith the COP1 complex (Chamovitz et al., 1996; Chen et al.,
2010; Saijo et al., 2003; Suzuki et al., 2002; Wei et al., 2008, 1994;
Yanagawa et al., 2004). This includes the dissociation of the CDD
elements COP10 and DDB1 from COP1 (Chen et al., 2010; Suzuki
et al., 2002; Yanagawa et al., 2004). DDB1, on the other hand, is
necessary for the activation of another E3, CULLIN4-based ligase
complex (Chen et al., 2010, 2006).
The CUL4 ligase complex (referred to CUL4 in this paper for
brevity) is a member of the cullin RING ligases (CRLs). It contains a
cullin protein, substrate recognition proteins and RING protein,
which binds to an E2 ubiquitin-conjugating enzyme (Bosu and
Kipreos, 2008). CUL4 is activated by neddylation and inactivated
through de-neddylation by the CSN (Lyapina et al., 2001;
Schwechheimer et al., 2001; Wei et al., 2008). The observed fast
exclusion of DDB1 from CSN complexes after the transition to light
and binding of DDB1 to CUL4 suggest that the CSN dissociates from
the CUL4–DDB1 complex after the transition to light (Chamovitz
et al., 1996;Wei et al., 1994, Chen et al., 2010), which should result
in CUL4 activation. Thus, the available data suggest that the
transition to light might lead to CUL4 activation in parallel to
COP1 inactivation. CUL4 was shown to cooperate with COP1 in
targeting the degradation of light-inducible transcription factors,
such as HY5, but the mechanism of COP1 and CUL4 interactions is
largely unknown (Chen et al., 2010, 2006). Here we used mathe-
matical modeling as a useful tool for the study of the possible
kinetics of COP1 and CUL4 activities upon dark/light transition.
Our model is based on a hypothesis that COP1 and CUL4 ligases
switch their activities upon dark/light transition through mutual
suppressionmechanisms, so that COP1 is activemostly in darkness,
but CUL4 in light. The model describes the inactivation of COP1 byTime (hr)
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Fig. 1. Timecourse of HY5 protein and mRNA upon dark-to-light transition. Seedlings
A: A western blot of protein extracts from wt and HY5-overexpressor line, probed with a
grown in darkness for 4 days and then transferred to light at time 0. Protein extracts we
experimentswere repeated three timeswith similar results. C: Quantiﬁcation of theweste
was determined by a series of dilutions on Western blots as described previously (Khann
transition (see Experimental Methods in Appendix).light through a photoreceptor-related inhibitor I, which results in
the activation and accumulation of CUL4 and slow depletion of
COP1. We analyze the possible impact of the COP1/CUL4 switch on
the accumulation of light-inducible transcription factors, such as
HY5 and HFR1. The model was veriﬁed using quantitative pub-
lished data on HFR1 protein (Duek et al., 2004), qualitative data of
COP1 abundance (von Arnim and Deng, 1994; von Arnim et al.,
1997) and our new quantitative data on HY5 mRNA and protein
kinetics during dark/light transition. The observed differences in
HY5 and HFR1 protein kinetics are explained by the mutual
inhibition of COP1 and CUL4 and their differential efﬁciencies
towards degradation of the target proteins. The proposed new
mechanism of the ligase switch provides a basis for the diverse
kinetics of light-regulated transcription factors during seedling
development and plant growth under different light conditions.2. The experimental veriﬁcation of kinetics of HY5mRNA and
protein upon dark-to-light transition
HY5, a bZIP transcription factor, plays a central role in plant
photomorphogenesis. HY5 regulates transcription of multiple
genes through binding to G-box elements in their promoters
(Jiao et al., 2007). The abundance of HY5 directly correlates with
the extent of photomorphogenic development (Osterlund et al.,
2000). To quantitatively measure the kinetics of HY5 protein
accumulation after the dark-to-light transition in Arabidopsis
seedlings, we produced rabbit polyclonal antibodies against a
peptide corresponding to 54–68 amino acids of the HY5 protein.
Western blot analysis demonstrates the HY5 antibodies were able
to detect HY5 protein of the expected size in the total protein
extracts of both wt and HY5-OX seedlings upon dark-to-light
transition (Fig. 1A), and the indicated band was not detectable inDark Light
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rn blot, shown in B. Prior to quantiﬁcation, the quantitative linear range of detection
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A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–41 33a hy5-mutant (data not shown). Next wemeasured the timecourse
of HY5 protein accumulation after dark-to-light transition. Repre-
sentative western blot analysis and the quantiﬁcation of the HY5
accumulation kinetics are shown in Fig. 1B, C. Real-time PCR
demonstrated the fast transient increase ofHY5mRNA level within
2 h, with a peak at 1 h after the transition of dark-grown seedlings
to light (Fig. 1D).COP1a-I0 CUL4a
output/
targets
HY5
HFR1
Scheme 2
COP1i-I CUL4i
ICOP1-
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COP1f
I
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COP CUL
0
1a-I0 4a3. Simple mathematical model—Scheme1. Simulation of HY5
and HFR1 protein kinetics upon dark-to-light transition
The kinetics of COP1 and CUL4 activities upon dark/light
transition are largely unknown. It is likely that bulk levels of
COP1 andCUL4proteins donot reﬂect the active sub-population, so
the available data on total COP1 or CUL4 may be uninformative. A
suitable mathematical model, however, can use data on the
abundance of target transcription factors to provide useful infor-
mation about the relevant ubiquitin ligase activities. Among the
multiple targets of COP1, HY5 is known to play a critical role
downstream of various photoreceptors during photomorphogen-
esis and HFR1 is involved in phytochrome A mediated signal
transduction (Fankhauser and Chory, 2000; Jenkins, 2009; Jiao
et al., 2007; Vandenbussche et al., 2007; Zhang et al., 2008). In
addition to their importance for plant physiology, HY5 and HFR1
protein kinetics is relatively well studied (this paper, Duek et al.,
2004; Osterlund et al., 2000), which makes them good candidates
for our modeling studies. The following kinetic data on HY5, HFR1
and COP1 abundance were used to build and verify the model:(1)
output/Quantitative kinetics of HFR1 protein upon dark-to-light
transition (Duek et al., 2004).targets
HY5(2) Quantitative kinetics of HFR1 protein upon light-to-dark
transition (Duek et al., 2004).
HFR1(3) Quantitative kinetics ofHY5protein upondark-to-light transition
(Fig. 1C).Fig. 2. Schematic description of themathematicalmodels of the ligase switch. Light(4)
inputs are shown by yellow ﬂashes, which stimulate HY5 expression and inactiva-Quantitative kinetics of HY5 mRNA upon dark-to-light transition
(Fig. 1D).tion of COP1 activity through the activation of inhibitor I0 in complexwith protein P.(5)
Activated inhibitor is denoted as I. Arrows without starting or terminal substances
correspond to production/translation or degradation of the corresponding proteins.Qualitative data on HY5 protein kinetics upon light-to-dark
transition (Osterlund et al., 2000).The targeted degradation of HY5 andHFR1 proteins by the active ligases is shownby(6)red dotted lines. A: Simple model (Scheme 1) with only one-sided negative
regulation of CUL4 by active COP1 (blue dotted connection). B: Full modelQualitative descriptions of the timecourse of COP1 accumula-
tionupondark-to-light transitionbased onﬂuorescent imaging
(von Arnim and Deng, 1994; von Arnim et al., 1997).(Scheme 2) with two-sided mutual negative regulation of COP1 and CUL4 (blue(7)
lines). Thedissociation of the COP1-inhibitor complexes and targeteddegradation of
the free COP1 (COP1f) by CUL4 are included. Negative regulation of HY5 expressionQualitative data on COP1 accumulation upon light-to-dark
transition (von Arnim and Deng, 1994; von Arnim et al., 1997).by COP1 is shown (green line). The accelerated inactivation of CUL4 ligase in
darkness is shown by the black ﬂash. The detailed scheme of the full model in SBGN
format is given in Fig. 7 of the Appendix.
The experimental data demonstrated the essential differences
betweenHY5 andHFR1 protein kinetics after the transition of dark-
grown seedlings to light with: (1) faster accumulation of HFR1 than
HY5, (2) sharp fall of HFR1 immediately after its rise (Duek et al.,
2004), in contrast to the slower, saturatedHY5kinetics (Fig. 1C).Our
preliminary simulations of a model with only one ligase (COP1)
resulted in a failure to describe the observed differences in HY5 and
HFR1 kinetics (not shown). Then we introduced the CUL4 ligase,
which was shown to participate in HY5 degradation together with
COP1 (Chen et al., 2006). Light is known to inactivate COP1 through
the activation of COP1-bound photoreceptors, such as CRY1 in blue
light and phytochromes in red light (Li and Yang, 2007;Wang et al.,
2001; Yang et al., 2001; Yi and Deng, 2005). In our model we used
the generic name I0 for these photoreceptor-related inhibitors of
COP1. The activated inhibitor I caused inactivation of the bound
COP1 through conformational changes in COP1 molecule (Fig. 2A;
Yi andDeng, 2005). The transience of the activation of inhibitor I0 by
light was modeled analogous to Locke et al. (2006) by introducing
light-regulated protein P, which was necessary for the activation of
I0 by light. The protein P represented a photoreceptor-boundcomponent, such as a PIF protein, which is produced in darkness
and degraded in light (Monte et al., 2007). Next we hypothesized
that active COP1 suppresses CUL4 activity (Fig. 2A). Amore detailed
mechanism of this suppression could be realized through the
formation of multi-protein complexes of the active COP1, COP10/
DDB1 and CSN (Chen et al., 2006; Suzuki et al., 2002) and the
inhibition of the CUL-based ligase by CSN (Wei et al., 2008).
Inactivation of COP1 by light could cause re-distribution of CSN,
COP10/DDB1 and COP1 complexes (Chamovitz et al., 1996; Saijo
et al., 2003; Suzuki et al., 2002; Wei et al., 2008, 1994; Yanagawa
et al., 2004) and the releaseof CUL4 fromsuppression.Wesimpliﬁed
themechanism by assuming that only CUL4 and COP1 activities are
regulated upon dark/light transitions.
Themodel was built in two steps. At the ﬁrst stepwe considered
a simple scheme of reactions with only one-sided negative regula-
tion of CUL4 activity by active COP1 (Scheme 1 of Fig. 2A; model
A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–4134equations are presented in Appendix). We tested the model to
determine whether a scheme of this type can account for the
data. Themodel included twomodules: (1) COP1-CUL4 interactions
and (2) the output module of the target proteins HY5 and HFR1
(Fig. 2A). The rate of HFR1 translation was assumed to be constant
based on available data on HFR1 mRNA abundance (Duek and
Fankhauser, 2003). The level of HY5 mRNA, however, is known
to change quickly upon dark/light transition (Fig. 1D; Osterlund
et al., 2000), so we included a separate equation for HY5 mRNA
to describe the observed light-induced changes in HY5 expression
(see Appendix).
After the ﬁtting of the model parameters (shown in Table A1 of
the Appendix), Scheme 1 was able to simulate correctly the
experimental kinetics of HFR1 and HY5 proteins upon the dark-
to-light transition (Fig. 3). Themodel explained the experimentally
observed quick rise and the following fall of HFR1 protein level
through the opposite fall and rise of COP1 activity (Fig. 3). However,
the simulated HY5 protein showed less dependence on COP1,
demonstrating slower saturated kinetics, which was related to the
additional impact of CUL4onHY5kinetics during the fast initial rise
of CUL4 activity at 0.5–2 h after lights-on (Fig. 3). The model
explained the difference between HFR1 and HY5 protein kinetics
through a higher rate constant of HFR1 degradation by COP1
compared to HY5.
Although Scheme 1 matched the kinetics of COP1 and CUL4
targets upon dark-to-light transition, it failed to describe several
other experimental observations. First, the steady-state level of the
total COP1 in the model was the same in light and darkness,
which did not reﬂect the experimental observation of the lower
COP1 in light-grown seedlings compared to the dark-grown
seedlings (von Arnim and Deng, 1994; von Arnim et al., 1997).
And second, Scheme 1 did not include the observed negative
regulation of HY5 expression by COP1 (Oyama et al., 1997)
and could not describe the observed noticeable fall in HY5 mRNA
level immediately after its rise (Fig.1D). At the next step we
extended the reactions of Scheme 1 to account for these experi-
mental observations.0 6 12 18 24
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Fig. 3. The simulated kinetics of the simple model (Scheme 1) upon dark-to-light
transition. The activities of COP1 and CUL4 ligases are shown by green andmagenta
lines, respectively. The kinetics of HFR1 andHY5 proteins andHY5mRNA are shown
by blue, black and red lines, respectively. Experimental points for HFR1 protein
(blue) are taken from (Duek 04) and for HY5 protein (black)—from this paper
(Fig. 1C). The simulation was run starting from initial conditions, which correspond
to the steady state of the system in darkness: cCOP1i¼0.2; cCOP1a¼0.3; cP¼1;
cCULi¼0.594; cCULa¼0.406; cmHY5 ¼ 0:167; cHY5¼0.167; cHFR1¼0.183.4. Evolution of the mathematical model. Full model—Scheme
2. COP1/CUL4 kinetics upon dark-to-light transition
Inactivation of COP1 by light was the source of light input into
the COP1–CUL4 module in Scheme 1, which provided a transient
response of the system to the change in light conditions. To
describe the observed differences in the steady-state levels of total
COP1 in light and darkness, we included: 1—regulation of CUL4
activity by light and 2—targeted degradation of free COP1 by CUL4.
Additional regulation of CUL4 activity was introduced by analogy
with the sequestration of cullins by CAND1 protein, which is
necessary for the cycling of cullin activity (Bosu and Kipreos,
2008). Although the details of the regulation of CUL4 activity by
CAND1 and CSN in plants are not fully understood (Chen et al.,
2006), the sequestration of inactive CUL4 by CAND1 after inactiva-
tion of CUL4 by CSN was found in other organisms (Bosu and
Kipreos, 2008). The differences in the molecular weights of the
‘‘light’’ and ‘‘dark’’ CSN complexes in plants, re-distribution of CSN
complexes with COP1 and COP10 upon light/dark transitions and
strong phenotype of csn mutants in darkness suggested that CSN
activity increased in darkness (Chamovitz et al., 1996; Suzuki et al.,
2002; Wei et al., 1994). This should result in inactivation of CUL4,
followed by sequestration of inactive CUL4 by CAND1. The absence
of data on the changes in the structure of CUL4 complexeswith CSN
and CAND1 upon dark/light transitions preclude the explicit
modeling of these interactions at present. However, we included
the acceleration of CUL4 inactivation in darkness, which would
result from interactions of this type. The assumption about the
targeted degradation of the free COP1 by CUL4 was based on the
observed ubiquitination of COP1 (Saijo et al., 2003; Seo et al., 2003;
Yi and Deng, 2005); association of CUL4 with COP1 complexes
(Chen et al., 2010, 2006) and depletion of COP1 content in the
presence of high CUL4 activity in csn mutants (Chamovitz et al.,
1996; vonArnimet al., 1997). In addition,we included the observed
negative regulation of HY5 expression by COP1 (Oyama et al.,
1997). The dissociation of COP1–inhibitor complexes was also
taken into consideration. The rate of COP1 translationwas assumed
to be constant based on the observed absence of regulation of COP1
expression by light (Deng et al., 1992). Additionally, we assumed
that CUL4 translation and degradation does not change during
dark/light transition, based on the data on similar levels of CUL4
protein in the light and darkness (Chen et al., 2010). The full
Scheme 2 of reactions is shown in Fig. 2B.
After ﬁtting the model parameters (Table A2 of the Appendix),
Scheme 2 closely matched experimental data during the transition
of dark-grown seedlings to light. The description of the output
module was improved compared to Scheme 1 through the better
simulation of the experimentally observed immediate fall of HY5
mRNA after its initial rise (Fig. 4A). Themodel explained this fall by
the restoration of COP1 activity, which potentially had negative
impact on HY5 expression. Scheme 2 also described correctly the
observed kinetics of HFR1 and HY5 proteins (Fig. 4A) through the
mechanism, analogous to Scheme 1 (Fig. 3), which is based upon
higher activity of COP1 towards HFR1 than HY5. In contrast with
Scheme 1, Scheme 2 described the experimentally observed slow
fall in the total COP1 content after the transition of plants to light
(von Arnim et al., 1997). Fig. 4B shows the kinetics of the different
forms of COP1 and CUL4 together with their total contents.
Importantly, the sharp changes in the ligase activities after
lights-on were related with their re-distribution between different
forms, while the total ligase content changed more slowly. The
substantial decline in the simulatedCOP1 content after 24 h of light
corresponded to the experimental observation (von Arnim and
Deng, 1994; von Arnim et al., 1997).
In addition to the description of the available experimental data,
the model demonstrated two new properties of the dark-to-light
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Fig. 4. The simulated kinetics of the full model (Scheme 2) upon dark-to-light
transition. A: The activities of COP1 and CUL4 ligases are shown by green and
magenta lines, respectively. The kinetics of HFR1 and HY5 proteins and HY5 mRNA
are shownby blue, black and red lines, respectively. Experimental data points—as in
Fig. 3. B: The kinetics of different forms of COP1 (red) and CUL4 (blue): Active forms
are shown by dotted lines, inactive forms—by dashed lines, free COP1—by dashed-
dotted line, total content—by solid lines. The simulation was run starting from
initial conditions, which correspond to the steady state of the system in darkness:
cCOP1i¼0; cCOP1a¼0.737; cI¼0; cP¼1; cCOP1f¼0.28; cCULi¼0.911; cCULa¼0.089;
cmHY5 ¼ 0:081; cHY5¼0.266; cHFR1¼0.1.
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Fig. 5. The simulated kinetics of the full model upon light-to-dark transitions.
A: The activities of COP1 (green) and CUL (magenta) ligases and HFR1 protein
kinetics (blue) after the transition of dark-grown plants, which were exposed to 2h
of light, back to darkness. The data for HFR1 protein was taken from (Duek et al.,
2004). The initial conditions, which correspond to the state of the system after 2 h of
light, were cCOP1i¼0.549; cCOP1a¼0.086; cI¼0.358; cP¼0.018; cCOP1f¼0.033;
cCULi¼0.055; cCULa¼0.945; cmHY5 ¼ 0:946; cHY5¼0.814; cHFR1¼1. B: The kinetics of
HY5 protein (black) after the transition of the light-grown plants to darkness. The
activities of CUL4 and COP1 ligases are shown by magenta and green solid lines,
respectively. The total CUL4 and COP1 contents are shown by dashed line. The
simulation was run starting from initial conditions, which correspond to the steady
state of the system in the presence of light: cCOP1i¼0; cCOP1a¼0.217; cI¼0; cP¼0;
cCOP1f¼0.028; cCULi¼0.098; cCULa¼0.902; cmHY5 ¼ 0:789; cHY5¼1.005; cHFR1¼0.341.
A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–41 35transition. First, the experimentally observed fall in HFR1 protein
after its initial rise suggested that HFR1 was degraded again after
2–5 h in light. This fall could not be described by the much slower
ﬂuctuations inHFR1mRNA expression (Duek and Fankhauser, 2003).
Thus, the HFR1 data constrained the model dictating a restoration of
COP1 activity after its transient inactivation by light. The resulting
kinetics of COP1 activity was predicted to be bi-phasic with its
restoration by 6 h after the initial sharp fall at 10 min (0.16 h) after
lights-on (Fig. 4A). Second, the model predicted the increase of CUL4
activity in the presence of light, which resulted from inactivation of
COP1 and decrease in CUL4 inactivation (Fig. 4B).5. Simulatedkinetics of light-to-dark transition. Restorationof
COP1 content
Next we simulated the system kinetics in darkness, after the
transition of plants from light. Fig. 5A shows that the model
described correctly the experimentally observed fast fall in HFR1
protein level in darkness after exposure of plants to 2 h of light
(Duek et al., 2004). Themodel explained this fall by the restorationof COP1 activity in darkness (Fig. 5A). HY5 protein was depleted
more slowly in darkness (Fig. 5B). This matched the available
western blot data, which showed the substantial decline of HY5
protein content in light-grown plants after 15 h of darkness
(Osterlund et al., 2000). Fig. 5B also demonstrates the slow
restoration of COP1 activity and content, which saturated after
one day of darkness, in agreement with the experiments (von
Arnim andDeng, 1994). Themodel showed a fall in CUL4 activity in
darkness, while CUL4 content did not change (Fig. 5B).
The slow decrease of total COP1 content in the presence of light
and its increase in darkness in our model is related with the higher
rate of COP1 degradation by CUL4 in light compared to darkness.
Further experiments on the kinetics of CUL4 activity under various
light conditions are necessary to test this prediction of the model. In
addition to the regulation of COP1by its differential degradation, light
affects the re-distribution of COP1 between nucleus and cytoplasm
through speciﬁc nuclear export/import (Schwechheimer et al., 2001;
von Arnim et al., 1997). Quantitative measurements of the nuclear
A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–4136versus cytoplasmic COP1 contents are necessary for further inclusion
of this additional mechanism of COP1 regulation into the model.0 12 24 36 48
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Fig. 6. Simulated kinetics of the model components under various photoperiods.
The simulations were initially run for 4 days under each photoperiod to entrain the
system, so that only 5th and 6th days are shown. A, B: Solid, dashed and dashed-
dotted lines correspond to 6 L:18 D, 12 L:12 D and 18 L:6 D light–dark cycles,
respectively. Blue, black, green and magenta colors show the kinetics of HFR1, HY5
proteins and the activity of COP1 and CUL4 respectively. C: Simulated kinetics of the
hypothetical COP1 (blue) and CUL4 (red) substrates under 12L:12D. HFR1 equation
was used for COP1 substrate with the following parameter values: p5¼0.28 h1;
h7¼2 h1. HY5 protein equation was used for CUL4 substrate with constant
expression level p4 and the following parameter values: p4¼0.22 h1; h4¼1 h1;
h5¼0. The rest of the parameters are shown in Table 2 of the Appendix.6. ‘‘Fast’’ and ‘‘slow’’ COP1 substrates. Simulation of the
photoperiodic regulation of COP1–CUL4 ligase switch.
Dawn/dusk sensing by COP1 and CUL4 targets
HFR1 and HY5 proteins represented two classes of COP1 targets
with fast and slow kinetics, respectively. The observed accumula-
tion of HY5 after transition of plants to light and its depletion in
darknesswasmuch slower than for HFR1 (Figs. 4 and 5). Themodel
explained these experimental observations by the higher efﬁciency
of COP1-mediated degradation of the ‘‘fast’’ substrates, such as
HFR1. The differences in the kinetics of the fast and slow COP1
targets were further demonstrated by simulations of diurnal
conditions with various photoperiods. Fig. 6A shows the fast
transient accumulation of HFR1 protein in the morning under all
photoperiods, which resulted from the transient fall and then
restoration of COP1 activity (Fig. 6B). HY5 protein had slower
kinetics and stayed at high level during the whole light period
(Fig. 6A), when HY5 expression is high. Thus the model predicted a
higher level of HY5 protein under long summer days (18 h of light)
compared to the short winter days (6 h of light) (Fig. 6A), which
would result in the prolonged stimulation of downstream pro-
cesses, such as anthocyanin biosynthesis (Ang et al., 1998).We also
demonstrated the opposite regulation of COP1 and CUL4 activities
by light, which resulted in decrease of COP1 activity and increase of
CUL4 activity in light and the opposite trends in darkness (Fig. 6B).
The model predicted an increase of the maximal level of COP1
activity in short days compared to long days (Fig. 6B).
The results above focus on the dynamic proﬁles of COP1 target
proteins after light/dark transitions. The ligase switch also allows
the plants to sense changes in light conditions through the
accumulation of COP1 substrates in the day time and CUL4
substrates atnight. Fig. 6Cdemonstrated this ideawithhypothetical
COP1 and CUL4 substrates. For example, COP1 was found to be
involved in the regulation of important ﬂowering regulators CO and
GI (Jang et al., 2008; Yu et al., 2008). Interestingly COP1 degrades
both CO and GI proteins only at night, while some other unknown
ligase degrades them in the day time (Jang et al., 2008; Yu et al.,
2008). Further experiments arenecessary to investigate thepossible
effect of CUL4 on the degradation of the ﬂowering components. The
functional relationship between various ligases and the circadian
clockhas started to emerge recently throughdiscoveries connecting
COP1 and some of the important circadian elements GI and ELF3
(Yu et al., 2008), and between F-box proteins ZTL and circadian
proteins TOC1 and PRR5 (Kiba et al., 2007; Kim et al., 2007).
The mechanism of interaction between COP1 and CUL4 is still
unknown (Chen et al., 2010). The differences in molecular weights
of COP1 (700 kD; Saijo et al., 2003; Yanagawa et al., 2004) and
CUL4 (400 kD, Chen et al., 2010) complexes suggests a difference
in composition of COP1 and CUL4 complexes. Indeed, recent studies
showed that no COP1–CUL4 supercomplex was found, which was
explained through the existence of distinct COP1 and CUL4 com-
plexes (Chen et al., 2010). However, it remained unclear, why the
CUL4–DDB1complexwas found tobedirectly associatedwithCOP1
in vivo (Chen et al., 2010, 2006). In ourmodel we hypothesized that
dissociation of the COP1 complex can result in binding of free COP1
molecules to active CUL4 and result in the degradation of
COP1. Experimental veriﬁcation of the hypothesized degradation
of COP1 by CUL4may be complicated by the auto-ubiquitination of
COP1. Future measurements of the CUL4 ligase activity towards
inactive mutated COP1 would resolve this problem.
Ourminimalmodel of the regulation of COP1/CUL4 activities by
light is sufﬁcient to describe the existing data on HY5 and HFR1kinetics. Themodel incorporates the regulation of COP1 complexes
with inhibitor I by light, which is crucial for the kinetics of the
system upon dark/light transitions. However, the whole system of
COP1/CUL4 regulation in plants includesmore elements, which are
required for the ﬁne-tuning of COP1 and CUL4 activity in various
plant organs and under different qualities of light. Themechanisms
of the interaction between the multiple elements of the system
during the dark/light transition are largely unknown. In particular,
SPAproteins provide additional levels of regulation of COP1 activity
towards different targets (Saijo et al., 2003; Seo et al., 2003;
Zhu et al., 2008) and four members of the SPA protein family have
multiple effects on COP1 activity under various light qualities
(Fittinghoff et al., 2006). For example, SPA1 modulates COP1
activity towards degradation of HFR1, which is important under
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Yang et al., 2005). SPA genes are quickly expressed after the
dark-to-light transition in a photoreceptor-dependent manner
(Fittinghoff et al., 2006) andheteromeric complexes of SPAproteins
with COP1 have diverse effects of COP1 protein abundance
(Zhu et al., 2008). The mechanisms of opposite effects of different
SPA proteins on COP1 are not known. Additionally, it was shown
that there is a redundancy in SPA functions in plants,with spa triple
and quadruple showing the strongest phenotypes (Fittinghoff et al.,
2006). More recent studies demonstrated that the changes in SPA
protein concentrations are relatively slow compared to the
fast changes in the kinetics of COP1 targets (Zhu et al., 2008).
This suggests that the fast changes in COP1/CUL4 system upon
dark/light transitions are mainly determined by some other
components of the system, such as CSN, CDD and CAND1. More-
over, COP1 was shown still to aggregate into large complexes
(700 kD) in the absence of all four SPA proteins (Zhu et al., 2008).
The absence of clear mechanisms of the diverse SPA functions
and high complexity of multiple SPA–COP1 interactions precluded
the inclusion of SPA proteins in our minimal model of COP1
regulation. In the future, data on regulation of the composition
of COP1 and CUL4 complexes with CSN, CDD and CAND1 by light
should allow us to include additional components into the
next model.
In conclusion, this is the ﬁrst mathematical model of the
regulation of COP1 and CUL4 ligase activities by an input signal,
in this case light. The model explains the dynamics of the
accumulation of target proteins through the interaction of the
input signal with a molecular mutual-inhibition mechanism, as
discussed in (Van Cauter et al., 1976). In the model COP1 is
regulated by light through two parallel mechanisms: COP1 is
quickly inactivated after lights-on through the modiﬁcation of
inhibitor I, andCOP1abundance slowlydecreases in thepresence of
light through up-regulation of CUL4. The fall in COP1 activity after
lights-on allows accumulation of the ‘‘fast’’ COP1 targets, such as
HFR1 (Fig. 4A).We also predicted some restoration of COP1 activity
after its initial fall, which is necessary for the quick down-
regulation of the ‘‘fast’’ COP1 targets (Figs. 4A, 6A). The parallel
activation of CUL4 activity in presence of light provided the
additional mechanism required for the regulation of ‘‘slow’’
COP1 substrates, such as HY5, which stayed high during the whole
period in light (Figs. 4A, 6A). Interestingly, both COP1 and CULLIN4
ligases are broadly present in most organisms, so the proposed
mechanism of the ligase switch may be applicable to other
biological processes as well. Finally, the model suggests a new
mechanism of light perception by the ligase switch in plants.Acknowledgements
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A.1. Experimental Methods
A.1.1. Plant material and growth conditions
Arabidopsis thaliana ecotype Columbia (Col) seedlings were
grownon plates containing growthmedium. Seedlingswere grown
in the dark for four days and then transferred to continuous white
light. Tissue samples were collected at various timepoints in the
dark and in light as indicated. HY5 transcript levels were deter-
mined by qRT-PCR using total RNA as template, and HY5 proteinlevels were quantiﬁed using Western blots. All experiments were
performed three times.
A.1.2. Quantitative immunoblot analysis
HY5protein levelsweredetected andquantiﬁed fromtotal protein
extracts prepared from dark-grown or light-treated seedlings in
denaturing extraction buffer (100 mMTris-HCl, pH 7.8, 4 M urea,
5% SDS, 15% glycerol and 10 mM DTT) with protease inhibitors,
according to the protocol described (Khanna et al., 2007). HY5protein
was detected with a rabbit polyclonal anti-HY5 antibody. This
antibody was generated against a synthetic peptide corresponding
to HY5 amino acids 54–68. The polyclonal antisera were afﬁnity-
puriﬁed using the same synthetic peptide. The speciﬁcity of the
afﬁnity-puriﬁed antisera was conﬁrmed by detecting expected size
HY5 protein in wild-type Col and HY5 overexpressing seedlings
(Fig. 1A), and the absence of that band in hy5-mutant seedlings. Next,
we determined a linear quantitative range for detecting HY5 protein
levels on western blots with our reagents by performing a dilution
serieswith total extracts (as described inKhanna et al., 2007). Tubulin
was used as a control for loading and for the quantiﬁcation of HY5
protein levels.
A.2. Simple mathematical model
The system of the ordinary differential equations (ODE), which
describes the simple model of the Scheme1 of Fig. 2A, is presented
below
dcCOP1i=dt¼ p2þk0LUcPUcCOP1ak1cCOP1ih2cCOP1i ð1Þ
dcCOP1a=dt¼ k1cCOP1ik0LUcPUcCOP1ah2cCOP1a ð2Þ
dcP=dt¼ p1DUð1cPÞh1cPL ð3Þ
dcCULi=dt¼ p3þk6cCULak7cCULiUga1=ðga1þcaCOP1aÞh9cCULi ð4Þ
dcCULa=dt¼ k7cCULiUga1=ðga1þcaCOP1aÞk6cCULah9cCULa ð5Þ
dcmHY5=dt¼ k8ULþk9UDh3cmHY5 ð6Þ
dcHY5=dt¼ p4cmHY5h4cHY5cCULah5cHY5cCOP1a ð7Þ
dcHFR1=dt¼ p5h7cHFR1cCOP1a ð8Þ
where cCOP1i; cCOP1a; cP; cCULa; cCULi; c
m
HY5; cHY5; cHFR1 are amount of
COP1i-I and COP1a-I0 protein complexes, protein P, CUL4a and
CUL4i proteins, HY5 mRNA, HY5 and HFR1 proteins, respectively.
All concentrations are dimensionless, providing that the total levels
of COP1, CUL4, P, HY5 mRNA, and HY5 and HFR1 proteins are
normalized to their maximal levels, reaching 1 in maximum under
constant light or dark conditions. L¼1 when light is present;
D¼1L. Time unit is an hour. The parameters pj are constants of
translation/production of proteins and their complexes; hj are
constants of degradation of all substances; kj are constants of
protein complexes formation, dissociation, modiﬁcations and HY5
mRNA transcription; gj are Michaelis–Menten constants and a is a
Hill coefﬁcient. The use of Hill function for the inactivation of CUL4
by COP1 was based on the data on the formation of active COP1
dimers, which interact with CUL4 in a large multi-protein complex
together with SPA proteins (Chen et al., 2010; Zhu et al., 2008). The
optimal set of parameter values, which was used in simulation
shown on Fig. 3, is presented in Table A1.
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The system of the ODE, which corresponds to the Scheme 2 of
the full model (Fig. 2B) is presented below
dcCOP1i=dt¼ k0LUcPUcCOP1ak1cCOP1ik2cCOP1iþk3cIcCOP1f ð11Þ
dcCOP1a=dt¼ k1cCOP1ik0LUcPUcCOP1ak4cCOP1aþk5cI0cCOP1f ð12Þ
dcP=dt¼ p1DUð1cPÞh1cPL ð13Þ
dcI=dt¼ k2cCOP1ik3cIcCOP1f þk0LUcPUcI0k1cI ð14ÞTable A1
The optimal parameter set for the Scheme 1.
Parameter k0 k1 k6 k7 k8 k9 p1
Value (h1) 75 0.3 3 10 3 0.5 0.6
Parameter p2 p3 p4 p5 h1 h2 h3
Value (h1) 0.1 1.5 0.42 0.55 2 0.2 3
Parameter h4 h5 h7 h9 g1 a
Value 0.44 h1 0.8 h1 10 h1 1.5 h1 0.2 2
Table A2
The optimal parameter set for the Scheme 2.
Parameter k0 k1 k2 k3 k4 k5 k7 k8
Value (h1) 47 0.3 0.1 1 0.1 1 20 3.1
Parameter k9 h1 h2 h3 h4 h5 h7 h8
Value (h1) 0.5 2 8 3 0.5 0.2 10 13
Parameter h9 p1 p2 p3 p4
Value (h1) 1 0.3 0.2 1 0.63
Parameter p5 g1 g2 g3 a
Value 0.74 h1 0.2 0.7 0.05 2
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Fig. 7. The reaction schemeof the fullmodel in SBGN format. The schemewasdrawusing EdcCOP1f =dt¼ p2þk2cCOP1iþk4cCOP1ak3cIcCOP1fk5cI0cCOP1fh2cCOP1f cCULa
ð15Þ
dcCULi=dt¼ p3k7cCULiUga1=ðga1þcaCOP1aÞþh8DUcCULah9cCULi ð16Þ
dcCULa=dt ¼ k7cCULiUga1=ðga1þcaCOP1aÞh8DUcCULah9cCULa ð17Þ
dcmHY5=dt ¼ ðk8ULþk9UDÞUg2=ðg2þcCOP1aÞh3cmHY5 ð18Þ
dcHY5=dt ¼ p4cmHY5h4cHY5cCULah5cHY5cCOP1a ð19Þ
dcHFR1=dt¼ p5h7cHFR1cCOP1a ð20Þ
where cCOP1i; cCOP1a; cI; cI0; cCOP1f ; cP; cCULa; cCULi; c
m
HY5; cHY5; cHFR1
are amount of COP1i-I, COP1a-I0 complexes, I, I0, free COP1, P,
CUL4a, CUL4i proteins, HY5 mRNA, HY5 and HFR1 proteins. The
total amounts of COP1, CUL4, P, HY5 mRNA, and HY5 and HFR1
proteins are normalized to its maximal level. The total amount of
the inhibitor was considered to be conserved: cI+cI0+cCOP1a+
cCOP1i¼1, allow to express cI0 through the other inhibitor-bound
components. Time unit is an hour. The deﬁnition of parameters is
the same as for Scheme1.
The model presents a minimal circuit for the COP1/CUL4 ligase
switch. It is based on the following assumptions, which are
explained in more detail in the main text, and drawn from the
following references: (1) Light transiently inactivates COP1 protein
through the activation of a COP1-bound inhibitor I. I reﬂects the
action of photoreceptors, such as CRY1, onCOP1 (Li andYang, 2007;
Wang et al., 2001; Yang et al., 2001; Yi and Deng, 2005); (2) COP1
protein inhibits activation of CUL4, for example through a COP10/
DDB1/CSN-related mechanism (Chamovitz et al., 1996; Chen et al.,
2006; Suzuki et al., 2002; Wei et al., 1994; Yanagawa et al., 2004);
(3) CUL4 is inactivated in darkness, for example through a CAND1/
CSN-relatedmechanism (Bosu and Kipreos, 2008; Chamovitz et al.,
1996; Chen et al., 2006; Wei et al., 1994); (4) COP1 is targeted for
degradation by CUL4 (Chamovitz et al., 1996; Chen et al., 2006;
Saijo et al., 2003); (5) HY5 expression is activated by light (Fig. 1D;COP1f
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n
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(HFR1max and HY5max); steady state value of the total COP1 content (COP1tot).
A. Pokhilko et al. / Journal of Theoretical Biology 270 (2011) 31–41 39Osterlund et al., 2000) and inhibited by COP1 (Oyama et al., 1997);
(6) COP1, CUL4 and HFR1 RNA expression is constant over the
relevant timescale (Chen et al., 2006; Deng et al., 1992; Duek and
Fankhauser, 2003).
The inhibition of HY5 expression by COP1 (Oyama et al., 1997)
was included in Eq. (18). Inactivation of CUL4 by COP1 (Eqs. (16)
and (17)) was described by a Hill equation to account for the
observed dimerization of COP1 protein complexes with SPA
proteins and CUL4 (Chen et al., 2010; Yi and Deng, 2005; Zhu
et al., 2008). The rest of the reactionswere described bymass action
kinetics for simplicity. The y(t) function was used to achieve the
smooth transitions between L and D in simulations of the diurnal
conditions analogous to (Pokhilko et al., 2010)
LðtÞ ¼ yðtÞ ¼ 0:5Uðð1þtanhððt24Ufloorðt=24ÞdawnÞ=TÞÞ
ð1þtanhððt24Ufloorðt=24ÞduskÞ=TÞÞ
þð1þtanhððt24Ufloorðt=24Þ24Þ=TÞÞÞ
where dawn and dusk are the phases of dawn and dusk (normally
dawn¼0); T is the duration of twilight (we used T¼0.05 h); tanh
and ﬂoor—standard functions of hyperbolic tangent and rounding
operation.
The equationswere solved usingMATLAB. To simulate the sharp
changes in COP1 and CUL4 activities upon dark/light transitions
(Figs. 4–6),we integrated the equationswith the stiff solver ode15 s
(The MathWorks UK, Cambridge). The parameters of the model
were ﬁtted to the timecourses of HFR1 and HY5 proteins, HY5
mRNA and COP1 protein abundance upon dark/light and light/dark
transitions (Fig. 1 and Duek et al., 2004; Osterlund et al., 2000; von
Arnim and Deng, 1994; von Arnim et al., 1997) as discussed in the
description of Figs. 3–5. The resulting optimal parameter values,
which closely match the data (Figs. 3–5) are presented in Table A2.The detailed scheme of the full model reactions in SBGN format is
presented on Fig. 7.
System analysis demonstrated the existence of one steady state
under constant light (Fig. 8A) and constant dark (Fig. 8B) conditions
and a limit cycle (Fig. 8C) under diurnal conditions with the
entrainment of the system by light.
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The response of the full model to parameters perturbations was
analyzed by calculating the peak value of HFR1andHY5 proteins, the
value of theminimal COP1 activity together with its time and steady
state level of the total COP1 after dark-to-light transition. The relative
deviation of these 5 characteristics from their normal levels under
10% increase of each parameter is shown in Fig. 9. The parameters,
which had strong inﬂuence on the timing and value of COP1
minimum, also affected the HFR1 peak value, while HY5 peak value
partially correlatedwith the steadystateCOP1 level. Fig. 9 shows that
10% changes in parameters resulted in less than 10% changes of the
systemkinetics, demonstrating robustnessof themodel toparameter
variations. The most sensitive parameters, which affect more than
one of the system characteristics are k0, k1, p3, h1, h9.
The change in the whole kinetics of HFR1, HY5 proteins and
COP1 activity upon parameter variation is further demonstrated in
Fig. 10. We chose one of the most sensitive parameter—the rate
constant of COP1 inactivation by light (k0) to show its effect on the
system kinetics after dark-to-light transition. The decrease of k0
resulted in a slowing down of the fall in COP1 activity (Fig. 10C),
which prevented HFR1 accumulation (Fig. 10A) and delayed
accumulation of HY5 (Fig. 10B).References
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